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 We report a detailed high-temperature powder neutron diffraction investigation of the structural 
behavior of the multiferroic GaFeO3 between 296 and 1368 K. Temperature dependent neutron 
diffraction patterns do not show any appreciable change either in intensity or appearance/disappearance 
of the observed peaks upto 1368 K, ruling out any structural transition in the entire temperature range. 
The lattice parameters and volume exhibit normal thermal expansion behaviour, indicating the absence 
of any structural changes with increasing temperature. The origin of the magnetoelectric couplings and 
multiferroicity in GaFeO3 is known to be influenced by the site disorder from Ga/Fe atoms. Our 
analysis shows that this disorder remains nearly the same upon increase of temperature from 296 to 
1368 K. The structural parameters as obtained from Rietveld refinement of neutron diffraction data are 
used to calculate the interatomic distances and distortions of the oxygen polyhedra around the Ga1, Ga2, 
Fe1 and Fe2 cations. Evolution of the distortion of the oxygen polyhedra around these sites suggests that 
the Ga1-O tetrahedron is least distorted and Fe1-O is most distorted. Structural features regarding the 
distortion of polyhedral units would be crucial to understand the temperature dependence of the 
microscopic origin of polarizations.  The electric polarization has been estimated using a simple ionic 
model and its value is found to decrease with increasing temperature.  
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Introduction 
 
Functional oxides represent a broad class of materials that exhibit a wide range of crystal 
structures and functionalities [1-4]. Among these, detailed study of properties associated with ferroic 
interactions like antiferro/ferro electric, antiferro/ferro magnetic and more recently the combination of 
these two known as multiferroic has stimulated considerable attention of the scientific community [1-4]. 
The studies of these properties have experienced a dramatic increase in research efforts over the past 
decade. Based on these efforts, multiferroics emerge for real life applications in microelectronics, 
spintronics, data storage, and computing hardware industry [1,4].  At present, there are a few materials, 
which possess multiferroicity due to exclusion of electrical and magnetic spontaneous polarization 
mutually. BiFeO3 or LuFe2O4and RMnO3 (R = rare earth) show multiferroicity due to covalent bonding, 
electronic and geometric ferroelectricities [5-8]. GaFeO3 is also a prominent candidate of mutiferroic 
materials due to its large magnetoelectric effect, magneto-optic, and piezoelectric properties [9-28].  
 
GaFeO3 has been investigated by using various techniques, which show interesting properties of 
this material such as magnetization-induced second harmonic generation [13], optical and dc 
magnetoelectric effect [12,14], as well as  ultrafast electric and magnetic response induced by 
irradiation of a femtosecond laser pulse [15], Faraday rotation [16]. The compound was also found to 
exhibit an unusually large orbital magnetic moment [17]. These properties make this compound very 
attractive for potential applications. 
 
At ambient condition, GaFeO3 possesses a noncentrosymmetric orthorhombic structure with 
space group Pc21n, which indicates that the spontaneous polarization is along the b axis in the 
paramagnetic phase. Upon cooling, it undergoes a magnetic transition from a paramagnetic to a ferri-
magnetic phase at around 225 K. The ferri-magnetism is due to the unequal distribution of Fe spins of 
nearly equal magnitude on the sub-lattices with a magnetic moment of the spin along the c-axis [18]. 
The origin of the unequal distribution of Fe spins in GaFeO3 is due to the Ga-Fe disorder which makes 
this compound interesting. The relationship between the magnetic moment and Ga-Fe disorder has been 
studied theoretically [27]. Conjunction of magnetic susceptibility, magnetization and ESR experiments 
confirmed that GaFeO3 is not a classical ferrimagnet (the Fe
3+
 spin system can-not be divided into two 
sublattices) [28]. It can be qualitatively explained by considering three sublattices and which are related 
to three nonequivalent cationic octahedral sites Fe1, Fe2, and Ga2 respectively. The origin of 
magnetoelectric couplings and multiferroicity appears to be influenced by the disorder nature of Ga/Fe. 
Detailed structural studies are essential for understanding the mechanism of the magnetoelectric 
coupling which would lead to deeper insights into structure property correlations.  
 
A number of structural studies on GaFeO3 have been reported in the literature using X-ray, 
synchrotron and neutron diffraction techniques below room temperature and reveal no structural phase 
transition. In conjunction with high temperature powder x-ray diffraction and Raman scattering study, 
Mukherjee et al. [24] showed the absence of structural phase transitions in GaFeO3 up to 700 K. The 
first estimation of the electric polarization using neutron diffraction data was done by Arima et al [12], 
which gives a value of PS ≈ 2.5 C/cm
2
.  The computed spontaneous polarization of GaFeO3 using first 
principle calculation [25] has been found to be 59 C/cm
2
 from the structure obtained from the 
minimization of the free energy. Recently, D. Stoeffer [26] has predicted the polarization in the 
multiferroic GaFeO3 to be PS ≈ 25 μC/cm
2
 from the calculated electronic structure using first principles 
methods. The emergence of ferroelectricity is due to tilting and distortion of FeO6 octahedra and the off-
centering shift of the Fe ions. Interestingly, it is more appropriate to consider it as ferrielectricity since it 
is due to opposite dipoles induced by opposite but unequal displacements and disorder of the Ga/Fe 
ions. In general, ferroelectric materials undergo a structural phase transition that is paralectric in nature 
at the highest temperatures and that is accompanied with anomalies in physical properties such as the 
dielectric constant. There are experimental difficulties in measuring dielectric constants at high 
temperatures due to a large contribution of conductivity. Therefore, a systematic temperature dependent 
study with careful examination of the distortion of the structure is required. 
 
In the present study, we have carried out systematic temperature-dependent neutron diffraction 
measurements from 296 to 1368 K. Structure evolution, polyhedral distortion and structural parameters 
were investigated as a function of temperature. Neutron diffraction offers certain advantages over X-
rays especially in the accurate determination of the oxygen positions that are crucial for computing 
polyhedral distortion and that are also important for ferroelectricity. The interpretation of the magnetic 
structure and other properties requires prior determination of the occupancies of the cationic sites. 
Neutron diffraction also provide accurate information about the distribution of these sites thanks to the 
good neutron scattering contrast between Ga
3+
 and Fe
3+
 compared to x-rays, which offer a small 
scattering contrast. Therefore, this advantage has been used to elucidate temperature-dependent 
structural changes, and site specific information. Presently no signature of a structural phase transition 
up to 1368 K was found. The polarization has been estimated using a simple ionic model, which is 
found to be in fair agreement with the value reported using first principles [26], and decreases with 
increasing temperature.  
 
Experimental 
 
GaFeO3 polycrystalline samples were prepared by the solid-state reaction method. The powder 
x-ray diffraction measurement at ambient conditions confirmed the single-phase nature of the samples. 
The temperature dependent neutron powder diffraction experiments were performed on the high-flux 
D20 diffractometer at the Institut Laue- Langevin, (Grenoble, France) [29]. The “high resolution” mode 
(take-off angle 118º) was selected with a wavelength of 1.3594 Å (vertically focusing Germanium 
monochromator in reflection, (117) reflection). The sample was heated up to 1368 K in a quartz tube. 
The other end of the quartz tube was open to air to ensure keeping the initial oxygen stoichiometry. The 
structural refinements were performed using the Rietveld method within the program FULLPROF [30]. 
In all the refinements, the background was defined by a point to point in 2 . A Thompson-Cox-Hastings 
pseudo-Voigt with axial divergence asymmetry function was chosen to define the profile shape for the 
neutron diffraction peaks. All other parameters i.e., scale factor, zero correction, background and half-
width parameters along with mixing parameters, lattice parameters, positional coordinates, and thermal 
parameters were refined. In all the refinements the data over the full angular range of 10≤2 ≤ 130 
degree was used; although in various figures only a limited range is shown, for the sake of clarity. 
 
Results and Discussion 
 
Fig. 1 depicts a portion of the powder neutron diffraction patterns of GaFeO3 as a function of 
temperature in the range 296 – 1368 K, during the heating cycle. It is evident that the temperature 
dependent neutron diffraction patterns do not show any appreciable change neither in the intensity nor 
the appearance or disappearance of any reflections up to 1368 K. This clearly suggests absence of any 
structural change in the entire temperature range. At ambient conditions, the system crystallizes in a 
paramagnetic phase with a non-centrosymmetric orthorhombic structure having the space group Pc21n 
[9-12]. This structural phase has eight formula units per unit-cell with four inequivalent cationic sites: 
Ga1 ions are tetrahedrally coordinated while Ga2, Fe1 and Fe2 ions occupying all the octahedral sites as 
shown in Fig. 2.  
 
Due to the isovalency and the close ionic radii of Ga and Fe (0.62 and 0.65 Å, respectively) site 
disordering in GaFeO3 is expected. In order to determine the cationic site occupancies (disorder), Ga 
and Fe cations were introduced at Ga1, Ga2 and Fe1 and Fe2 positions respectively, and the occupancy 
factors were refined, constrained to full occupancy, notably improving the quality of the fit. Then, the 
possibility of partial occupancy of Ga1 and Ga2 positions by some Fe cations and vice versa was also 
checked and this also led to a drop of the discrepancy factor (
2
). Finally, we refined the cation 
occupancies along with lattice parameters, positional coordinates and thermal parameters. However, 
anionic sites were kept fully occupied. The obtained results indicate that the Ga2 site (0.36) is occupied 
predominantly by Fe and as compared to Ga1 site (0.02). Band structure calculations [27] also indicate 
that the energy resulting from the Fe interchange with the Ga2 site can be as small as 1 meV per formula 
unit while the interchange with a Ga1 site requires an energy almost two orders of magnitude larger. 
This explains why Ga2-Fe disorder is high. The occupancies of  iron (Fe) at Ga1, Ga2, Fe1 and Fe2 sites 
are found to be 0.02, 0.36, 0.88, 0.63 at 296 K and 0.07, 0.37, 0.87 and 0.62 at 1368 K, respectively. 
This suggests that there is no significant change in disorder as a function of temperature. Thus site 
occupancies for cations were kept constant at the values corresponding to 296 K in the subsequent 
refinements for higher temperatures. 
 
 Detailed Rietveld refinement of the powder diffraction data shows that the temperature 
dependent neutron diffraction patterns could be indexed using the same orthorhombic structure up to 
1368 K.  The Rietveld refinements were accomplished smoothly, revealing a monotonic increase in the 
lattice constant and cell volume with increasing temperature. The fit between the observed and 
calculated profiles is satisfactory and some of them are shown in (Fig. 3 (a-d)). The smooth variation of 
the lattice parameters, thermal displacement factors with temperature in the entire high-temperature 
regime confirms that there is no high-temperature phase transition. The detailed structural parameters 
and goodness of fit at selected temperatures, as obtained from neutron diffraction data, are given in 
Table I. 
 
Evolution of the lattice parameters and the unit cell volume as obtained from the refinement of 
the neutron diffraction data are shown in Fig. 4. All lattice parameters and volume exhibit regular 
thermal expansion behaviour, indicating no abnormal structural changes with increasing temperature. 
From the linear fitting of lattice parameters, the coefficient of thermal expansion ( /K) of GaFeO3 along 
<100>, <010> and <001> (i.e the principle crystallographic axes) were found to have values of 
9.56 × 10
-6
, 9.40 × 10
-6
 and 9.30 × 10
-6
, respectively. The small difference among these three values 
suggests that GaFeO3 is a thermally isotropic material. The coefficient of volume thermal expansion is 
found to be 28.7 × 10
-6
 K
-1
. This is in good agreement with the relation  = 3 , satisfied by isotropic 
materials.  
 
 The variation of the isotropic thermal parameters for all the atoms in the asymmetric unit cell is 
shown in Figure 5. It is evident that the thermal parameters of all the atoms increase with increasing 
temperature up to 1050 K followed by an apparent anomalous increase for O3 and decrease for O4 and 
O5 . The Biso for O3 atoms shows a large enhancement from 1.7 Å
2
 (at 1072 K) to 3.45Å
2
 (at 1368 K). 
This might suggest appearance of a soft mode. However, it should be noted that on fixing the thermal 
parameter of O3 around Biso= 2.45, the refinement worsens only slightly (
2
 increases from 4.19 to 4.36) 
and this does not significantly change other thermal parameters and the position parameters. Large 
increase in thermal parameters of all the oxygens was also observed in YMnO3 at ~ 920 K prior to 
phase transition at 1273 K [31]. Structural parameters are used to estimate the variation of characteristic 
mean interatomic distance (mean bond length) with temperature (Fig. 6). The variation of bond lengths 
suggests that the octahedral coordination for both Fe1 and Fe2 sites have highly distorted Fe–O bonds. 
However the tetrahedral coordination around the Ga1 site is quite regular. The coordination polyhedron 
around Ga2 is significantly smaller in comparison with those around Fe1 and Fe2 sites. All bond lengths 
are found to show a monotonic increase with temperature within the experimental error. The Ga1-O 
bond lengths show weak anomalous behavior around 900 K and Ga2-O1 bond lengths show regressive 
trends above 1100 K. It should be noted that we have not found any contraction of the Fe-O bond-
lengths within the entire explored temperature range, contrary to what was observed by S. Mukherjee et 
al [24] using x-ray diffraction. This discrepancy may be due to the fact that neutron diffraction has 
certain advantages over X-ray, especially in the accurate determination of oxygen positions. 
  
 The macroscopic properties of the sample linked to a short range ordering of the cations which 
cause specific local distortions of the oxygen polyhedra around the cations. Thus, we have estimated the 
distortion of the polyhedra as a function of temperature by using structural parameters obtained from 
Rietveld refinements of neutron diffraction data using Fullprof (Bond Str sub-programme) software 
[30]. Fig. 7 shows the evolution of the distortions of the oxygen polyhedra around the Ga1, Ga2, Fe1 and 
Fe2 cations. It comes out that the Ga1-O tetrahedron is the least distorted and the Fe1-O is the most 
distorted. This suggests that the Ga1-O tetrahedron is naturally regular. Upon increasing temperature to 
1368 K, the distortion increases for the Ga1-O tetrahedron and the Fe2-O octahedron, but decreases for 
the Ga2-O octahedron up to 1100 K. Above, it becomes nearly temperature independent. On the other 
hand the distortion for the Fe1-O octahedron is found to increase in the entire temperature range. Such 
structural features regarding the distortion of GaFeO3 would be crucial to understand the temperature 
dependence of the microscopic origin of polarizations in the sample.   
 
  The estimation of spontaneous polarization (PS) in GaFeO3 was computed by various authors 
using different approaches. Based on the off-center displacement of Fe ions in FeO6 octahedra, Arima et 
al [12] predicted a PS ≈ 2.5 μC/cm
2
. But, such a point charge calculation does not provide a correct 
estimate of Ps, since various other contributions from the structural features such as the Ga1–O 
tetrahedra and Ga2–O octahedra, were neglected. Recently, D. Stoeffer [26] predicted the value of the 
polarization of GaFeO3 to be PS ≈ 25 μC/cm
2
, which is ten times larger than the previous calculation by 
Arima et al [12]. This value was based on estimating the electronic structure using first principles 
methods and considering the modern theory of polarization. A Roy et al. [25] also calculated the Ps of 
GaFeO3 in its ground state using both nominal ionic charges and calculated Born effective charges. The 
nominal ionic charges calculation yielded Ps of  30.53 μC/cm2, almost half the value obtained using 
the Born effective charges (Ps of  59 μC/cm2). The authors concluded that the spontaneous 
polarization in GaFeO3 is primarily contributed by the asymmetrically located Ga1, Fe1, O1, O2 and O6 
ions. However, at elevated temperatures, site disordering between Fe1 and Ga1 sites substantially lower 
the spontaneous polarization.  
 
In the present study, the polarization has been estimated from the refined structures using a 
simple ionic model P =ciQiemi/V, where ci is the displacement of the site from the centrosymmetric 
position in Å, Qi is the ionic charge, e is the electron charge, the site multiplicity is denoted by mi and 
the unit cell volume is denoted by V. The results of this estimate are shown in Fig. 8. We have also 
estimated the Ps value, using the contributions from all the structural sources such as Ga1–O tetrahedra, 
Ga2–O, Fe1–O and Fe2–O octahedra. The value of the spontaneous polarization is found to decrease 
with increasing temperature, from ~15.3 C/cm
2
 (at 296 K) to 14.0 C/cm
2
 (at 1368 K) along the 
direction <010>. This could be easily explained from a crystallographic point of view. GaFeO3 has 
orthorhombic structure with the Pc21n space group. The first and third operations (c and n respectively) 
on the atom positions do not put any constraint on the corresponding displacement and in turn the 
polarization vector remains unrestricted. But, the 21 symmetry operator (screw rotated by 180
◦
 about the 
[010]-axis), changes the atomic positions from (x, y, z) to (−x, y,−z). As a result of this, the crystal 
polarization changes from (Px , Py , Pz) to (−Px , Py ,−Pz) leading to a zero crystal polarization along 
the a- and c-axes and non-zero along the b-axis. The estimated polarization value is found to be in a 
fairly good agreement with the one reported using first principle calculations [26].  
 
We have computed the charge density using the structural parameters obtained from the Rietveld 
refinement of neutron diffraction data and the VESTA software [32]. This is shown in Figure 9. The 
charge density can shed light on bonding in GaFeO3, especially the partial covalency character of the 
cation–anion bonds, which can be further correlated with the functional properties of GaFeO3. Our 
findings suggest that although most of the charges are symmetrically distributed along the radius of the 
atomic circles, indicating the largely ionic nature of bonding, a small amount of covalency is shown by 
minor asymmetry of the charges around the oxygen anions connected to the Fe1, Fe2, Ga1 and Ga2 ions.  
 
Conclusions 
 
In conclusion, we have carried out a systematic neutron diffraction measurements of the 
structural parameters of the multiferroic material GaFeO3, in the temperature range 296 - 1368 K. The 
results do not show any appreciable change in diffraction patterns as a function of temperature which 
rules out any structural phase transition in the entire explored temperature domain. We found that the 
Ga/Fe site disorder remains nearly un-change upon increase of temperature from 296 to1368 K. This 
might be crucial for the understanding of the origin of magnetoelectric coupling and multiferroicity in 
GaFeO3.  All the lattice parameters and the volume exhibit regular thermal expansion behaviour, and 
confirm the absence of any structural changes with increasing temperature. Structural parameters are 
used to calculate bond lengths and the distortions of the oxygen polyhedra around the Ga1, Ga2, Fe1 and 
Fe2 cations. The polarization has been estimated using a simple ionic model and found to be in good 
agreement with the value reported using first principle [26]. We have found spontaneous polarization 
whose value decreases with increasing temperature from ~15.3 C/cm
2
 (at 296 K) to 14.0 C/cm
2
 (at 
1368 K). 
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Table I: Structural parameters of GaFeO3 obtained by Rietveld refinement of neutron diffraction data 
collected at 677 K and 1368 K, using Pc21n space group. The occupancies of iron at Ga1, Ga2, Fe1 and 
Fe2 sites are 0.02, 0.36, 0.88, 0.63 at 677 K, and 0.07, 0.37, 0.87 and 0.62 at 1368 K, respectively.  
 
Temperature = 677 K 
 
Temperature = 1368 K 
Atoms  Positional Coordinates and thermal parameter  
         
                    X               Y                     Z                  B(Å)
2
          
 
Ga1     0.1536(9)     0.0000             0.1755(2)       0.89(8) 
Ga2     0.1560(7)     0.3076(7)         0. 8121(8)    0.79(6) 
Fe1       0.1515(6)     0.5849(6)        0.1857(9)      0.86(5) 
Fe2       0.0346(5)     0.7958(8)        0.6772(6)      0.92(5) 
O1       0.3246(6)     0.4236(9)        0.9803(5)      1.18(8) 
O2       0.4900(1)      0.4354(6)       0.5157(8)      0.65(6) 
O3       0.9962(2)      0.2024(4)       0.6541(5)      0.90(9) 
O4       0.1574(5)      0.1957(6)       0.1637(7)      1.01(8) 
O5       0.1698(6)      0.6699(4)       0.8482(5)      0.95(8) 
O6       0.1691(5)      0.9344(6)       0.5176(7)      1.03(7) 
 
Atoms  Positional Coordinates and thermal parameter  
         
               X            Y                     Z                  B(Å)
2
          
 
Ga1     0.1518(5)     0.0000             0.1749(5)       1.59(5) 
Ga2     0.1587(6)     0.3061(5)         0. 8134(8)    1.71(3) 
Fe1       0.1496(6)     0.5850(6)        0.1865(9)      1.91(3) 
Fe2       0.0347(5)     0.7942(8)        0.6774(7)      1.82(3) 
O1       0.3241(6)     0.4195(9)        0.9830(8)      2.35(7) 
O2       0.4912(3)      0.4369(6)       0.5154(7)      1.34(6) 
O3       0.9897(5)      0.2035(6)       0.6578(6)      3.45(8) 
O4       0.1641(5)      0.1939(7)       0.1621(7)      1.60(7) 
O5       0.1741(4)      0.6695(6)       0.8503(6)      1.16(6) 
O6       0.1670(6)      0.9334(5)       0.5213(7)      2.39(5) 
 
Lattice Parameters (Å) 
A= 8.7681 (1) (Å); B= 9.4223 (1) (Å) 
C= 5.0999 (1) (Å); Volume = 421.33(4) (Å)
3 
Rp=7.32; Rwp=8.28; Rexp=2.96;
2
= 7.85 
Lattice Parameters (Å) 
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Fig. 1 Evolution of the neutron diffraction patterns for GaFeO3 as a function of temperature.  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Crystal structure of GaFeO3 at room temperature. 
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Fig. 3 (color online) Observed (circle), calculated (continuous line), and difference (bottom line) 
profiles obtained after the Rietveld refinement of GaFeO3 using the orthorhombic space group Pc21n at 
temperatures:  (a) 296 K, (b) 677 K, (c) 1072 K and (d) 1368 K, respectively.  
 
 
 
Fig. 4 (color online) The variation of the lattice parameters and volume as a function of temperature 
obtained after Rietveld refinement for GaFeO3.  
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Fig. 5 (color online) Evolution of the isotropic thermal parameters as a function of temperature 
obtained after Rietveld refinement for GaFeO3.  
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 (color online) Evolution of the interatomic distance around the Ga1, Ga2, Fe1 and Fe2 cations as a 
function of temperature obtained after Rietveld refinement of GaFeO3.  
300 500 700 900 1100 1300
0.2
0.7
1.2
1.7
300 500 700 900 1100 1300
1
2
3
4
300 500 700 900 1100 1300
0.0
2.0x10
-4
4.0x10
-4
6.0x10
-4
8.0x10
-4
300 500 700 900 1100 1300
2.0x10
-3
3.0x10
-3
4.0x10
-3
 Ga1
 Ga2
 Fe1
 Fe2
B
is
o
 (
Å
)2
Temperature (K)
 B
is
o
 (
Å
)2
 O1
 O2
 O3
 O4
 O5
 O6
Temperature (K)
 Ga1
 Ga2
 
D
is
to
rt
io
n
Temperature (K)
 D
is
to
rt
io
n
 Fe1
 Fe2
Temperature (K)
300 500 700 900 1100 1300
13.8
14.2
14.6
15.0
15.4
P
(
C
/c
m
2
)
Temperature (K)
 
 
  
 
 
 
 
 
  
Fig. 7 (color online) Evolution of the distortions of the oxygen polyhedra around the Ga1, Ga2, Fe1 and 
Fe2 cations.  
 
 
 
 
 
 
 
Fig. 8 (color online) Evolution of the spontaneous polarization as a function of temperature calculated 
using simple ionic model described in the text.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 9 (color online) Computed charge density using VESTA software [32] and structural parameters 
obtained after Rietveld refinement at 296 K.  
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